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INTRODUCTION

Many potent photodynaric chemicals induce a variety af
biological responses ranging, for exanple, fran the malifi-
cation of amino acids to the causation of erythemal respon3-
es on the skin of manmrals (1,2). The polynuclear arunatlc
hydrocarbons (PAH) have been viewed with particular interest
since the diucwery of their photodynmic properties In the
mid 1930’s (3,4). The most significant findings have demons-
trated high correlations between the photodynamic action of
certain PAH with their gbility to induce carcinogenic re-
sponses (5,6,7). More recently, other investigators have
shown that PAH can be transformed into reactive cytotoxic
and mutagenic intermediates following their exposure to
natural sunlight a~d other sources of radiatior, (8,9,
10,11).

Recent. observations l,n our laboratory (11) have
indicated that slthaugh benzo[a]pyl’ene (BaP),
7, 12-djmethylben z[alanthracene (DMBA), and nther related
model polycyclics are cytotoxic following activation by near
ultraviolet liglk (UVA), they do nrt induce a significant
photcxnlltagenic response in either bacterial or marrfnalian
culture test systems (Str,liste anil Chen, unpublished datu) .
These results were perplexing since under similar conditions
ecxnplex organic mixtures known to contain PAH were
consldernbly photanutagenic (12,13,14). Becal’se these
latter studies indicated the pre~ence of heretofore
unidentified photndynmnic constituents, with potent muta-
Rcnic activity, we beflan to systematically nnnlyze the
photunutngenlc properties of polycyclic arunntic amines,
mother class of organics found in these ccxrrplex mixtures.

In this report we c~pnre the mutnRen{city Of severnl
PAII, inrludfng three Rromntir mnines following ~xp>surc t.o
sunlight or m artlficjal source of UVA. The mnst active of
thrsc crxnpounds, ?-nminnflunrcnc (2-AF) , wns fwthcr inverit-
igntd to dct,enntne the mccllnni~ of jts pilot.nnctjv~t!on nnd
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the chemical identity of the induced and reactive photo-
products .

Chemical 3

BaP, 2-AF, 9, 10-dimethylanthracene (DMA), 2-aminoanthra-
cene (2AA), and 2-aminonaphthalene (2-AN) were obtained from
Aldrich Chemical Company. These chemicals were routinely
dissolved in spectrophotanetric grade dimethyl sulfoxide
(DMSO) at concentrations of 1 mg/ml. The various deriva-
tives of 2-AF uge~ ag standards in high pressure liquid
chromatography (!iPLC) were also oDtained from Aldrich Chem-
ical Company.

Irradiation

Sunlight FApdYUre3 were canducted on the roi)i’~op of the
Health Research Laboratory at the $OS Alamas National Labor-
atory, Los Alamas, NM, latitude 36 , elevation @7300 ft
above sea level . The incident fluence as measured through a
Petri ciish cover b ~ an Eppley t.hermapile (Eppley Laboratory,
Inc.) was #350 J/m /sec.

Two parallel 1~-watt blackl~ghts (GE F15T8 BLB) were
used as all artificial source of UVA radiation (200-400 nm
wavelength) . I~cident fluence throl(gh a Petri dish cover
average 6.8 J/m /see as measured by the same tht?rmupile.

Irradiations were p~rformed in 60 mm glass Petri dtshec with
the lids attached, Colored, glass filters (WG 360, GG 4?0
and GC 495) wnich elimlnate >902 of wavelengths of light
below 360, 420 and 4g!, nm respectively, were obtained
through ?lelles Gric)t, Irvine, CA.

Ames/Salmonella ~——.——.—- —
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Historical his+ revertant background in this laboratory for
TA9U (without S9) iS 23 ~ 4.

High Pressure Liquid Chrunatography

2-AF photoproducta were analyzed by reverse phase HPLC

using a Beclunan Model 334 Gradient Liquid Chromatography
system fitted with a 10 p Radial-PAK C cartridge and a
radial compression module (RCM-1OO, Wa~~rs and Associates).
The samples were usually applied to the colunn in 20 P1 of
DMSO and eluted with a linear gradient of triethylammonium
carbonate buffer (1 mM, pH 6.3): acetonitrile (95:5 to 0:100
in 45 rein) at a changing flow rate of 2 to 3 ml/min. Photo-
products of 2-AF were detected by absorbance at 254 nm. In
semi-preparative HPLC analysis, 250 d samples “ere applied
to the column end the A2 ~ peaks from consecutive runs were

2pooled inta fractions, r tary evaporated, redissolved in
DMSO and then asszyed for mutagenic activity. Retengion
times (Rt) of various 2-AF photoproducts were compared to Rt
of authentic oxidized derivatives of 2-AF.

RESULTS AND DISCUSSION

Sunlight Induced Mutagenicity af PAH

Five corrunercially available PAH were dissolved in DMSO,
expased to direct sunlight, and bi~assayed in the Ames/Sal-
monella test for direct mutagenic activity. The data pre-
sented in Table 1 illustrates that photaactivated 2-AF
elicits a hi~hly mutagenic response in S. typhimurium TA98
in the absence of exogenously supplied metabolic enzymes
(induced rat liver S9 homogenate), This activity remained
stable for at least one month when the irradiated 2-AF was
stored in the dark at rocxn temperature. Of the PAI{ listed,
only 2-AF sh,}wod a significant mutagenic response in the
~bti$nce of exposure to light (i.e., at 50 uR/plate 150 : 10
ili9 revertants were induced). The origin of this activity
hag nat yet been determined, but the possibilities includ~
minor contaminarlts nnd undctect~ble levels of oxidized 2-AF
intermediates. Under 9imilar irradiation conditions, 9o111-
Lions of llaP, DMA, 2-AA, and 7-AN showed little or no sig-
nificant mutn~enlc activity on TAQ8. Ekcausc cf structural
sjmilaritics bctwrcn ?-AF nnd the latter three compounds,
their luck of pllotcnnut~genic ~ctivity is Hn unexpected
rcnult. Ilowcvw , l~llot.~>fllmcriz;ltion is known to occur in a
variety of subst.itutd nnthracencs (16). Conversion to n~n-
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TABLE 1

SUNLIGHT-INDUCED MUTAGENICITY OF PAH IN S. TYPHIMURIUM TA98

Exposure Amount His+
timei ~ested revertants

Compound (rein) (Pg) ~ s.D.

2-aminofluorene 60
——

50 ls18~2s6
9, 10-dimethylanthracene 60 50 64+16
Lenzo(a)pyrene 60 50 45:8
2-aminoanthracene

;;ii 50 5327
2-aminonaphthalens 50 54+8
DMSO 60 55 26:4

i
fluence 950 J/m2/sec

ii
maximum time tested

mutagenic photodimers is a possible explanation for the lack
of activity observed with DMA arid 2-AA.

Ftutagen~c~ty of Irradiated 2-Ak’

Data from Table 1 as well as other recent observations
(17) demonstrate that sunligtt irradiation of 2-AF leads to
the prmiuction of stable mutagen(s) when measured m Salmor-—-.
ells typ himurium. The kinetics of this mutagenic response
as J function of exposure time to direct sunlight or artifi-
cial UVA is depicted in Figure 1, The initial induction of
his revert nts

?l ~as rapid and linear between O to 0.5 hr (0
ta 1.’1 x 10 J/m ) of exposure to sunlight an,’ maximized be-

tween 0,5 ard 1 hr. Additional irradiation reduced the
direct-acting mutggeni~ity of 2-AF solutions where by M hr
exposure (?0 x 10 J/mf-) less than qO% of the maximnl act==

ivity remni~ed. This latter observation suggests that
prolonged irradiation of 2-AF solutions eventually res~]lts
in the photodecorrrpo3i tion of tht? active campont?nt{a).

Tht? rio~e re~pon~t? for photo-induced, dirt?{ t-ncting
mutagenicity of 2-AF by sunlight can bt? reproduced by 3ub-

st~tuting natural s~]nli~}lt vltb i+n nrtjf!cial sourec of UVA.
Irra(iintion conditions wvrp idcntir~l to t,hos~ for sunlight
ex(!cpt thnt two 15-witLL bla[!klighta wi~tl n prah ~~]tp(]t,
l)ctwccn jOO-400 nm w($rc used. Tho dntn shown In Figur~ 1
indicntc th;lt. a) IIVA W05 :~pproximnt,ely ‘IO-II() times more
efficient (per IInit dose) in tndl!rlng mutngt~n! v ?-AF photo-

produ~!ts than W:IS n;{t.ilrill ~l]nli~l)t,, rlri(i I)) eont.lnl]nl ~rrn[ll-
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J/m2 x 10-4 UVA O

I n

800K %--%+

J/mz x 10-6 SUNLIGHT.

FIGURE 1. Mutagenic activity of 2-AF as a function af
increasing exposure to sunlight or artificial UVA. Muta-
ger?icity (histldine reversion) was determined in & typhi-
murium TA98. Clos~d circles : sunlight: open squares : UVA..—

ation with UVAnlso resulted in the photodestruction of
induced 2-AF mutagenic components. These results are con-
sistent with spectral output estimates of sunlight reaching
the earth’: surface which indicate that wavelengths of light
in the UVArcginn rrprrsrnts approximately 3% of total.
sunlight irr~cilnnce power (13).

The ~mportnnce of sunlight WWt?lt9nKthS in or below the
UVA region in the lnduct,ion of mutngen~c propetrt~es of 2-AF

is mnro clearly tllustrnted In the experiment, dcpictml in
Tahlc ?, Glnss cut-off filters thnt climln:ltc >90Z of
wavelel~~ths of light below d~signntcd wilv~l~ngthg were
utilized in irrndintion of snlwtlons of 2-AF with qunlight.
The results int-iicnto thnt only 3?$, 15S, nnd 1$, rr9pm?t.-
lvcly, of thn total mutngcnic nctivit.y remninod when “]00,
4?(3, nrlri 1195 rm c~~hrrs wcrr used to filtvr out sunlight.
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These results are also consistent with the absorption spec-
trum of 2-AF, which ghows negligible absorptivity of light
above 400 nm.

TAFLE 2

WAVELENGTHDEPENDENCEFOR 2-AF PHOTOACTIVATION

Exposure Amount His” ,
Time Tested RevertanLsL

Filter (mIn) (Pg) ~S.D. $ Control

None 33 50 1349232 100
WG 360 30 50 426233 32
GG 420 30 50 209~27 15
Gc 495 30 50 15215 1

— .—

i
Data represents hid+ revertants minus reversiar frequency

resulting from 50 .&/plate of 2-AF prior to irradiation.

High Pressure Liquid Chrarratography of Irradiated 2-AF

In an attempt to identify the “illogically important
2-AF photoproduct(s), UVA irradiated 2-AF solutions were
subjected to reverse phase HPLC. The profiles in Figure 2
were obtained following the HPLC analysis of 2-AF solutions

‘hrodgh a Clf pRadial PAK calunn eluted with a linear
water:acetan trile gradient (see Matc:ials and F%thads).
Profiles A, B, and C, respectively, represent 2-AF solutions
exposed to 1) no irradiation, 2) 2 hr of UVAtreatment, and
a) 4 hr of UVA treaixnent. The canpounds and arrows illus-
trated in profile B indicate Rt of commercially available
derivatives nf 2-AF lindcr the conditions employed in these
experiments. The numbers and Hrrows in profile C indicate
A. peaks which were collected and pooled into fractions
fgl!owing consecutive semi-preparative runs (see Materials
and 14ethods).

Ttie irradiuticm of 2-AF solutions with UVAlight clenrly
induces the conversion of 2-AF into several new component~.
TUG of these ccxnponents co-chfomatograph with 2-aminofluor-
cnone (fraction 1) ~nd 2-nitrofluorene (fracti=6~o~~d—— .---— —-
samples of ear}) Ii

f
~,1 peak were dried, redissolved, md re-

assnyecl for dlrec acting mutagenicity in the Ames test,..
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0,1

0!05

o
I

C

1 1
.~

10 20 30 40

RETENTION TIME (rein)

FIGURE 2: ~PLC analysis ~f UV$ irradiated 7-AF exposed to
~;-~~.~10 nnd 9.8 x 10 J/m- UVA, respectively,
Panels A to C.

for
Dashed line (Panel A) represents the chrcnno-

tokraphic acetonitrlle gradient.

These results are ill~strated in Table 3. Only two frac-
tjons contnined siu~ificant activity---fractian 3 which is
parental 2--AF and frnction 6, which c-eluted with 2-nitr~
flunrcnc. Only ,i~$ of the initial nctivity was rccovcrcd
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from this pooling experiment. The basis for this loss ~f
activity is still undertennined, but could result from
activity lost in the chromatographic separation (e.g., by
irreversible binding to colmn resin).

TABLE 3

MUTAGENICITYOF IRRADIATED2-AF FOLLOWINGFRACTIONATIONBY
REVERSE-PHASEHPLC

Amount Testedi His+ Revertants
Fraction No. (Ml per plate) + S.D.

1

2

3
4
5
6
7
8

Unfractionated

50 24+4
50 2113
50 71+2
50 31~2
50 2423
50 230~12
50 3135
50 2626
50 94326

i
1.5 mg of 2-AF in 1.5 ml DMSOwas exposed to UVAfor 4

Imurs and applied to the HPLC column (in six independent 250
pl applications). Each pooled fraction wa~ redissolved in
1.5 ml DMSO. 50 @ of each fraction would therefore be
equivalent to 50 B1 of the origirlal irradiated 2-AF solu-
tion.

Fraction 6 has also been presllmptively identified as
being a nitrofluorene maiety by infrared spectral compar-
isons (Okinaka, Nickels, Whaley, and Strniste, in prepara-
tion). In addition, 2-nitrofluorene has been found to be a
relatively stable compound and is potently mutagenic in
njtrorcductase proficient S~lmonella tester strains (18).
T}lese results strongly implicate 2-nitrorluorene as a major——..-
mutagenic produc~ or 2-AF phototransformatior? rollowing
exposure to UVAlight. l%c prccisu Identity of the other
photoproducts is currently being nacertained.

These results suggest th~t ttie photodyn~mic action of
2-AF proceeds via a different mechanism t,hnn dries the metn-
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bolic transformation ~f 2-AF and its potent sigter compound
2-acetylaminofluore,?e (2AAF). While the eventual mutagenic
precursor in both activation systemg may be N-hydroxylamine
derivatives, these studies would imply that the formation of
a nitroarene may be an important intermediate in the photo-
activation of 2-AF. The first step in the metabolic activa-
tion of 2-AF and 2-AAF is thought to proceed by direct
enzymatic oxidation mechanisms to the production of reactive
N-hydroxy mbieties (19,20).

The notion that phatatransfarmation of 2-AF results in
the formation of a nitro-coinpound gains importance in view
of the relatively recent digcovery that nitroarenes in gen-

eral are unexpectedly potent mutagens in microbial systems
(21). This unus!~al activity has been ascribed to nitrore-
ductase activities in bacteria which can readily convert
nitroarenes to more reactive arylhydroxylamines (18). The
precise relationship between mutagenic potency of nitro-
arenes in microbes and their carcinogenic activity in mam-
malian systems, however, is unknown (18).
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